Foodborne illness due to bacterial pathogens is increasing worldwide as a consequence of the higher consumption of fresh and minimally processed food products, which are more easily crosscontaminated. The efficiency of food pasteurization methods is usually measured by c.f.u. plate counts, a method discriminating viable from dead cells on the basis of the ability of cells to replicate and form colonies on standard growth media, thus ignoring viable but not cultivable cells. Supercritical CO 2 (SC-CO 2 ) has recently emerged as one of the most promising fresh food pasteurization techniques, as an alternative to traditional, heat-based methods. In the present work, using three SC-CO 2 -treated foodborne bacteria (Listeria monocytogenes, Salmonella enterica and Escherichia coli) we tested and compared the performance of alternative viability test methods based on membrane permeability: propidium monoazide quantitative PCR (PMA-qPCR) and flow cytometry (FCM). Results were compared based on plate counts and fluorescent microscopy measurements, which showed that the former dramatically reduced the number of cultivable cells by more than 5 log units. Conversely, FCM provided a much more detailed picture of the process, as it directly quantifies the number of total cells and distinguishes among three categories, including intact, partially permeabilized and permeabilized cells. A comparison of both PMA-qPCR and FCM with plate count data indicated that only a fraction of intact cells maintained the ability to replicate in vitro. Following SC-CO 2 treatment, FCM analysis revealed a markedly higher level of bacterial membrane permeabilization of L. monocytogenes with respect to E. coli and S. enterica. Furthermore, an intermediate permeabilization state in which the cellular surface was altered and biovolume increased up to 1.5-fold was observed in L. monocytogenes, but not in E. coli or S. enterica. FCM thus compared favourably with other methods and should be considered as an accurate analytical tool for applications in which monitoring bacterial viability status is of importance, such as microbiological risk assessment in the food chain or in the environment.
INTRODUCTION
Foodborne illness is a public health challenge that, according to a World Health Organization report (WHO, 2007) , caused almost 1.8 million human deaths in 2005 (Velusamy et al., 2010) . Such illness is mostly caused by eating food contaminated with pathogenic bacteria (e.g. Escherichia coli 0157 : H7, Listeria monocytogenes, Salmonella enterica), which enter the food supply through crosscontamination events or food handlers' poor hygiene. In particular, fresh or minimally processed fruit and vegetable products can easily become contaminated with pathogens along the food chain, from harvesting through transportation and processing, to handling. Food consumption patterns worldwide have now changed in favour of these fresh (Anon, 2002) or minimally processed (Gandhi & Chikindas, 2007) ready-to-eat food products; as a consequence, the risk of foodborne illness is increasing.
Foodborne illnesses caused by fresh/minimally processed products can be prevented by applying pasteurization treatments aiming to reduce the number of viable pathogens without affecting food taste, appearance and quality. Thermal pasteurization procedures are highly effective, but they do not apply to fresh food products. Thus, non-thermal pasteurization methods have been developed, which inactivate microbes while not adversely compromising food integrity or nutritional quality, including high hydrostatic pressure and pulsed electrical fields (Devlieghere et al., 2004) , dense CO 2 or supercritical CO 2 (SC-CO 2 ) (Spilimbergo & Bertucco, 2003) .
Among the latter methods, SC-CO 2 non-thermal pasteurization is one of the most promising for fresh food products. This method is based on the fluid state of CO 2 reached at or above its critical temperature and critical pressure. Compared with heat-and high hydrostatic pressure-based pasteurization, it has the advantage of working in a range of relatively low temperature (30-40 u C) and moderate pressure (80-120 bar), thus having a much lower impact on nutritional, organoleptic and physico-chemical properties of fresh/minimally processed food products (Garcia-Gonzalez et al., 2007) . The pasteurization efficiency of SC-CO 2 has been tested on several micro-organisms spiked into various substrates (Spilimbergo & Bertucco, 2003; Ferrentino & Spilimbergo, 2011) . Specifically, treatments have led to a 3-4 log c.f.u. ml 21 reduction in physiological saline buffer (Ballestra et al., 1996; Erkmen, 2000; Erkmen & Karaman, 2001) and to a 2-2.5 log c.f.u. cm 22 reduction on solid food products (Jung et al., 2009; Bae et al., 2011) . The effect of SC-CO 2 on living cells has not been fully deciphered. Several hypotheses have been proposed based on experimental observations, including solubilization of pressurized CO 2 in the external liquid phase, cell membrane permeabilization, intracellular acidification, key enzyme inactivation/cellular metabolism inhibition due to pH lowering, direct (inhibitory) effect of molecular CO 2 and HCO 3 2 on metabolism, disordering of the intracellular electrolyte balance, and removal of vital constituents from cells and cell membranes. Most of these steps may not occur consecutively, but rather take place simultaneously in a very complex and interrelated manner (Spilimbergo & Bertucco, 2003; Garcia-Gonzalez et al., 2007) .
To evaluate pasteurization efficiency, bacterial inactivation is typically deduced from c.f.u. plate counts, a viability test method measuring the bacterial ability to replicate and form colonies upon standard growth conditions. It is well known that, under environmental stress conditions (e.g. nutrient limitation, pressure, temperature), a number of pathogens enter into a socalled viable but not cultivable state (VBNC), becoming even more resistant to stress (Oliver, 2010) . Thus, plate counts may overestimate pasteurization efficiency, by not detecting as viable reversibly damaged bacterial cells (Keer & Birch, 2003) .
Additional viability test methods may be more suited for studying the efficiency of pasteurization treatment on bacterial cells, including propidium monoazide quantitative PCR (PMA-qPCR) (Nocker & Camper, 2006) and flow cytometry (FCM) (Müller & Nebe-von-Caron, 2010) . Both methods employ cell-membrane permeability as the viability parameter. PMA-qPCR is a quantitative PCR amplification performed after PMA staining, an anologue of propidium iodide (PI) with a covalently linked azide group, used as a marker of bacterial cells with a permeabilized membrane. After photoactivation, PMA binds irreversibly to dsDNA, thus inhibiting DNA amplication during qPCR or causing DNA loss with cellular debris during DNA extraction. PMA was used to discriminate intact and permeabilized cells in an environmental matrix (Nocker et al., 2007a) and was applied to monitor the effect of disinfection treatments altering membrane integrity (Nocker et al., 2007b) .
FCM is a multi-parametric and single-cell analysis technique for high-throughput and real-time quantification of multiple cellular parameters, such as cell size, surface granularity and physiological state. In FCM, two light-scattering signals can be collected simultaneously from each bacterial cell: the forward-angle light scatter (FALS), which is related to bacterial size (Foladori et al., 2008) , and the large-angle light scatter (LALS), measuring cell density or granularity (Müller & Nebe-von-Caron, 2010) . In FCM studies, the fluorophore SYBR Green I (SYBR-I) is often used as a total cell marker, given its ability to cross the cell membrane and to bind to DNA (Barbesti et al., 2000) , whilst PI is used as a dead cell marker, as it penetrates only cells with a permeabilized membrane (Ziglio et al., 2002) . In permeabilized cells the simultaneous presence of SYBR-I and PI activates fluorescence resonance energy transfer (FRET), due to the total absorption of the fluorescent emission spectrum of SYBR-I by PI. In these conditions, it is therefore possible to distinguish intact cells emitting green fluorescence from permeabilized ones emitting red fluorescence. FCM coupled with fluorescent dyes (SYBR-I and PI or Syto9 and PI) was used to discriminate intact and permeabilized cells in a wastewater treatment plant (Foladori et al., 2010) and to monitor the effect of various antibacterial treatments (Wouters et al., 2001; Kim et al., 2009) .
In the present work, L. monocytogenes, E. coli and S. enterica were treated with SC-CO 2 to evaluate the performance of different cell viability assays. Data from FCM and PMA-qPCR were compared with plate counts and fluorescent microscopy, to evaluate which method is the most appropriate to correctly discriminate viable from dead cells after treatment.
METHODS
Bacterial strains and sample preparation. The three strains used in this study were purchased from the American Type Culture Collection. S. enterica ATCC 14028 and E. coli ATCC 29522 were grown on solid Luria-Bertani (LB) agar medium (Sigma-Aldrich) at 37 uC for 16 h. L. monocytogenes ATCC 19111 was grown on solid brain heart infusion (BHI) medium (Becton Dickson) at 37 uC for 16 h. One colony was picked and inoculated into 200 ml of corresponding broth medium. Bacterial cultures were incubated at 37 uC with constant shaking (200 r.p.m.) to stationary phase (16 h). Cells were collected by centrifuging at 6000 r.p.m. for 10 min and were resuspended in an equal volume of PBS (Sigma-Aldrich).
SC-CO 2 treatment. The SC-CO 2 treatment was performed in a multibatch apparatus as described by Mantoan & Spilimbergo (2011) . Briefly, the system consisted of 10 identical 15 ml-capacity reactors operating in parallel. All reactors were submerged in the same temperature-controlled water bath to maintain the desired temperature constant throughout the process. Each reactor was connected to an onoff valve for independent depressurization and had an internal magnetic stirrer device to guarantee homogeneous dissolution in the cell suspension. Aliquots of 10 ml of each bacterial suspension, prepared as described above, were transferred to the reactors. The SC-CO 2 treatment was carried out at 120 bar and 35 uC, as these operative conditions were selected in preliminary plate counts experiments as the mildest ones that induced significant microbial inactivation. SC-CO 2 treatment was interrupted after 5, 15, 30, 45 or 60 min by slowly depressurizing the reactor over approximately 1 min.
Plate counts. Untreated and SC-CO 2 -treated cells were serially diluted with 16 PBS (900 ml PBS and 100 ml sample) and were spread-plated on chromogenic coli/coliform agar (Liofilchem) for E. coli, on chromatic Salmonella agar (Liofilchem) for S. enterica and on O.A. Listeria agar (Liofilchem) for L. monocytogenes. The plates were incubated at 37 uC for 24 h. Three independent experiments were performed for each species.
Fluorescence microscopy. In total, 10 8 untreated or SC-CO 2 -treated cells were stained with SYBR-I and PI, as described for FCM. After staining, cells were centrifuged at 10 000 r.p.m. for 10 min and the pelleted cells were resuspended in 16 PBS and 30 % Moviol. Fluorescence microscopy images were acquired in bright-field at 490 and 750 nm, with a ZeissAxio Observer Z.1 microscope with Zeiss ApoTome device using the AxioVision Rel. 4.8.1 software (Zeiss) according to the manufacturer's instructions.
Genomic DNA extraction and PMA staining. In total, 10 7 -10 8 untreated or treated cells were stained with PMA (Biotium), at a final concentration of 50 mM, and incubated at room temperature in the dark for 5 min. Stained samples were then exposed to UV light for 5 min and centrifuged for 10 min at 12 000 r.p.m. Cell pellets were stored at 220 uC. Genomic DNA (gDNA) was extracted from unstained and PMA-stained samples using a Qiagen DNeasy Blood and Tissue kit, according to the manufacturer's instructions. A modified protocol was used for L. monocytogenes: cells were incubated at 37 uC for 1 h with the enzymic lysis buffer provided by the supplier. Cells were then incubated at 56 uC for 30 min and were treated with RNase A. After column purification, DNA was eluted with 100 ml 10 mM Tris/HCl, pH 8.0. DNA quality was assessed by 0.7 % agarose gel electrophoresis, run at 70 V for 30 min and followed by ethidium bromide staining. DNA concentration and purity were assessed by measuring the absorbance at 260 nm (A 260 ) and the ratio of the absorbance at 260 and 280 nm (A 260 /A 280 ) with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
Real-time qPCR. Primer and TaqMan probe set sequences targeting the hlyA and the invA genes were used for L. monocytogenes and S. enterica identification, respectively (Suo et al., 2010) . The best candidate primers and probe sets for E. coli identification were designed in-house on the uidA marker gene with AlleleID7.0 software (PREMIER Biosoft International). Primer sequences and their features are detailed in Table 1 . The reaction mixture contained 16 iQ Multiplex Powermix (Bio-Rad Laboratories), 200 nM each primer, 200 nM probe and 2 ml template gDNA (or 2 ml distilled H 2 O for the no-template control) in a total volume of 25 ml. Each TaqMan PCR assay was performed in triplicate using a CFX96 Real-time PCR Detection System (Bio-Rad Laboratories), with the following cycling programme: 3 min at 95 uC, 15 s at 95 uC and 1 min at 60 uC for 40 cycles. PCR results were analysed using CFX Manager 1.1 software (Bio-Rad Laboratories). The correlation between PCR Ct values and gene copy numbers was obtained by means of a standard curve. Cell number equivalents were then extrapolated by taking into account the mean bacterial genome size for each target bacterium available at NCBI (http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_ taxtree.html), assuming each gene is present in a single copy per genome. The number of gDNA copies for experimental samples was determined by using the inverse formula of linear equation of each species (DNA copies510
[ (Ct2q)m21] ). The amplification efficiency for each primer/probe set was calculated as E510 (21/slope) 21 (Klein, 2002) . Assays were performed in parallel on cell suspensions before and after PMA staining to quantify total and intact cell number equivalents, respectively.
Flow cytometry. Untreated and SC-CO 2 -treated cell suspensions were diluted to 10 7 -10 8 cells ml 21 ; then 1 ml was stained with 10 ml SYBR-I (Merck), 1 : 30 000 final concentration in DSMO, and 10 ml PI 1 mg ml 21 (Invitrogen). Peak excitation and emission wavelengths were at l ex 5495 nm, l em 5525 nm for SYBR-I and l ex 5536 nm, l em 5617 nm for PI. Samples were incubated at room temperature in the dark for 15 min. FCM analyses were performed with an Apogee-A40 flow cytometer (Apogee Flow Systems) equipped with an argon laser emitting at 488 nm. For each cell crossing the focus point of the laser, two light-scattering signals (FALS and LALS) and two fluorescence signals (red and green) were collected. LALS and FALS were collected on a 256-channel linear scale while fluorescence signals were collected with logarithmic amplifier gain. The conversion of FALS intensities to biovolumes was performed as proposed by Foladori et al. (2008) . To exclude electronic noise, thresholds were set on green or red fluorescence histograms.
RESULTS

Cell viability evaluated by plate counts and fluorescence microscopy
The efficiency of SC-CO 2 treatment was evaluated by quantifying bacterial cells able to replicate using plate counts and observing PI uptake by fluorescence microscopy (Fig. 1) . To compare the efficiency of treatment among the tested species, the bacterial inactivation was expressed as log 10 (N i /N 0 ), as a function of treatment time (Fig. 1a) . After 5 min, only S. enterica cells showed more than 1 log reduction. After 30 min the process dramatically reduced the number of cultivable cells by more than 5 log in all three species. An increase of treatment time up to 60 min did not induce any additional significant inactivation.
Bacterial inactivation on the basis of PI uptake as a function of treatment time was evaluated by using fluorescent staining of SYBR-I and PI. Fluorescence microscopy images of untreated and treated bacterial cells (Fig. 1b) showed a significant shift from green fluorescence to yellow/red fluorescence after 30 min treatment: almost all L. monocytogenes cells emitted yellow/red fluorescence whilst E. coli and S. enterica cells emitted green, yellow and red fluorescence.
Bacterial membrane permeabilization evaluated by PMA-qPCR
TaqMan qPCR analyses were performed on gDNA samples extracted from cell suspensions before and after PMA staining, to quantify both total and intact cell unit equivalents. qPCR data for each bacterial species revealed that the fraction of intact cells from all three species was reduced to less than 50 % cell equivalents. However, such reduction was reached after different treatment time periods: 30-45 min for L. monocytogenes, 15-30 min for E. coli and 5-15 min for S. enterica (Table 2) . After 5 min, L. monocytogenes intact cells showed a 10 % reduction, whereas E. coli and S. enterica intact cells showed a 20 and 35 % reduction, respectively. After the longest treatment time (60 min), the proportion of permeabilized cells was 82.4 % for L. monocytogenes, 66.6 % for E. coli and 41.9 % for S. enterica.
Detection of intact and permeabilized cells by FCM
Upon staining of a mixed population of intact and permeabilized cells with SYBR-I and PI, FCM distinguishes among three cellular states: (i) intact cells, emitting only high FL1 intensity due to the absence of intracellular PI; (ii) partially permeabilized cells emitting high fluorescent intensity both in FL1 and in FL3 channels, due to incomplete FRET between SYBR-I and intracellular PI; and (iii) permeabilized cells emitting only high FL3 intensity, due to the simultaneous presence of SYBR-I and PI in the cells and complete FRET. Analyses were performed on cell suspensions stained with both SYBR-I and PI for quantification of total and permeabilized cells, respectively. The observed kinetics of cell membrane permeabilization was specific for each bacterial species (Table 3) . With regard to L. monocytogenes, the percentage of intact cells was 99.5 % in the untreated suspension, but this decreased significantly with treatment time. After 5 min, a small fraction of cells (1.3 %) were partially permeabilized. After 30 min, the number of partially permeabilized cells reached its maximum, i.e. 17.2 % of total cells, whereas the percentage of intact cells decreased but remained high (71.2 %). After 45 min, the percentages of both intact and partially permeabilized cells decreased significantly and almost all cells (96.4 %) were fully permeabilized.
The untreated E. coli and S. enterica bacterial suspensions contained 99.8 and 98.6 % of intact cells, respectively. As for L. monocytogenes, after 5 min of treatment a small percentage of cells (3.0 and 4.8 %, respectively) became partially permeabilized, while a negligible amount of dead cells was detected. After 15 min, E. coli subpopulations maintained the same distribution, with 96.2 % of intact cells and 3.6 % of partially permeabilized cells. By contrast, almost all S. enterica cells were split between intact (59.9 %) and partially permeabilized (39.6 %). After 30 min, a similar behaviour was observed for E. coli and S. enterica populations: a large percentage of cells were partially permeabilized (95.3 and 93.7 %, respectively) but almost no totally permeabilized cells were detected. Longer SC-CO 2 treatment times did not lead to significant changes in population distribution, as the vast majority of cells (99.2 %) from both species remained in the partially permeabilized state.
Investigation of subpopulations of partially permeabilized cells by FCM
The kinetics of cell inactivation was further investigated by FCM, examining the variation over time in SYBR-I and PI uptake in SC-CO 2 -treated samples. As shown in Fig. 2 , L. monocytogenes, E. coli and S. enterica differed in their SYBR-I uptake kinetics, as shown by the green fluorescence intensity (FL1 channel) at each treatment time point. For example, the intensity measured in the FL1 median channel for L. monocytogenes was constant for treatment-time extensions from 5 to 30 min (Fig. 2a) . The graph of FL1 intensity showed limited variations in the FL1 median channel, which ranged from 402 to 412 units based on the arbitrary 1024-channel scale. This result indicates that the uptake of SYBR-I in L. monocytogenes is complete even in the untreated cells. For treatment times higher than 45 min, the FL1 median channel decreased to 202-220 units, due to the large percentage of permeabilized cells, in which FRET (i.e. quenching of FL1 fluorescence by PI) occurred.
Conversely, the FL1 intensity of intact cells in untreated samples of E. coli was weak and close to the threshold of FL1-positive signals (Fig. 2b) due to partial staining of cells by SYBR-I. By increasing SC-CO 2 treatment time, both E. coli and S. enterica populations showed a progressive and significant increase of FL1 intensity, corresponding to a shift of the FL1 histogram peak from left to right and to an increase in peak intensity far above the background threshold of the instrument (Fig. 2b,c ). E. coli and S. enterica populations reached their maximum value of FL1 median channel after 45 and 15 min, respectively. This progressive increase in FL1 emission in E. coli and S. enterica is probably due to the gradual permeabilization of cells during SC-CO 2 treatment, which facilitated the uptake of SYBR-I.
As shown in Fig. 3 , for the E. coli population, the presence of a subpopulation with high FL1 intensity was negligible in untreated samples, whereas it was detectable (15.2 %) after 5 min of treatment and dominant (86 %) after 30 min. Among the 15.2 % of E. coli cells with higher FL1 intensity after 5 min, 12.0 % represented intact cells whilst 3.2 % were partially permeabilized cells. After 30 min, the progressive staining by PI resulted in 95.3 % of partially permeabilized cells, with a fraction of 86 % with high FL1 intensity.
With regard to the S. enterica population, the FL1 intensity increased significantly in a group of cells after 15 min of treatment. This subpopulation moved to the right on the FL1 graph, being characterized by a higher SYBR-I uptake (Fig. 4) . Only cells with initial high FL1 intensity moved towards the region of partially permeabilized cells. These results suggest that the treatment led first to the progressive introduction of SYBR-I with the complete staining of cells and the emission of high FL1 intensity, and, later, when the membrane became more permeable, to the progressive and partial staining of cells by PI. The co-occurrence of green and red fluorescence is probably a consequence of incomplete FRET occurring between SYBR-I and PI, due to a lower PI uptake.
Interestingly, while the group of cells with low SYBR-I concentration exhibited a unimodal distribution, the group of cells with high SYBR-I concentration was characterized by a noticeable bimodal distribution (Fig. 4) corresponding to two subpopulations with different amounts of DNA. The ratio of the FL1 intensity (high DNA peak/low DNA peak ratio) was about 1.5. Additionally, the FALS ratio of the two subpopulations was 1.4, indicating a larger brighter fluorescent peak, therefore confirming that the subpopulation of bacteria with a larger amount of DNA also had a larger biovolume. FL1 intensity and FALS ratios indicated that these cells are dividing actively.
Morphological changes evaluated by LALS and FALS FCM signals
The light-scattering signals collected by the flow cytometer, i.e. FALS and LALS, are related to physical properties of the bacteria. In particular, FALS depends on bacterial size (and cellular biovolume) while LALS is related to the complexity of the cellular surface, cell density and granularity. The FALS and LALS signals of E. coli and S. enterica populations did not change significantly over treatment time (data not shown). Conversely, L. monocytogenes cells showed changes in both light-scattering signals at different treatment times. In particular, although the scattering signals of intact and permeabilized Listeria cells were similar, as demonstrated by the overlapping distributions in Fig. 5 , the partially permeabilized cells were characterized by a higher FALS intensity (larger size) and slightly higher LALS intensity. With reference to an arbitrary scale of 1024 channels, the peaks of the FALS distribution of intact and permeabilized cells of L. monocytogenes were at channels 187 and 133, respectively, whereas the peak of partially permeabilized cells Quantitative PCR and flow cytometry cellular viability methods was at channel 398. Conversion of FALS intensities produced a biovolume ratio of about 1.5 between partially permeabilized and intact cells. This ratio, together with the increase in LALS intensity, indicates that bacteria temporarily underwent a pronounced increase in biovolume.
Correlation between plate counts, qPCR and FCM methods in evaluating cell viability
We compared the concentration of viable cells obtained by plate counts with that of intact cells determined by PMAqPCR and FCM during SC-CO 2 treatment. The three methods produced similar results during the initial phase (15 min) (Fig. 6 ). After 30 min, a dramatic decrease (.5 log) in the number of viable cells was observed with plate counts, whereas FCM and, in particular, qPCR showed a much more modest reduction of intact cells (about 0.9 and 0.5 log, respectively), indicating that only a small fraction of intact cells (as determined by FCM and qPCR) are effectively able to replicate in vitro (as determined by plate counts) after treatment.
To determine if the three methods produced consistent and comparable results, Pearson correlation coefficients (r) were calculated (Fig. 7) . The highest correlation was between qPCR and FCM for L. monocytogenes and E. coli r50.91 and 0.92, respectively) , and between qPCR and plate counts for S. enterica (r50.92). The poorest correlations were between FCM and plate counts for both E. coli and S. enterica (r50.60 and 0.62, respectively), and between qPCR and plate counts for L. monocytogenes (r50.63).
DISCUSSION
In this study we compared different viability assays to monitor the efficiency of SC-CO 2 treatment on L. monocytogenes, E. coli and S. enterica. Plate counts showed that the treatment inactivated viable cells by .5 log. Quantitative PCR and flow cytometry cellular viability methods Fluorescence microscopy globally corroborated plate count data, with a marked bacterial permeabilization process revealed by PI uptake after 30 min treatment. Under environmental stress, many bacteria are known to enter in a so-called VBNC state, becoming even more resistant to stress (Oliver, 2010) . Plate counts therefore probably overestimate bacterial inactivation, as VNBC cells escape detection by cultural methods. We applied two viability methods based on membrane integrity (PMA-qPCR and FCM) to overcome the limits of plate counts and to identify the proportion of VNBC cells in the populations. We showed that qPCR and FCM produced strongly correlated results for two out of three bacterial species tested, which was expected as both methods quantify cellular subpopulations on the basis of membrane permeability. Our results also confirmed that plate counts drastically underestimate the number of intact cells, being unable to detect those in a VBNC state.
According to Nocker et al. (2007b) , PMA-qPCR is an adequate tool to monitor the effect of a given treatment affecting bacterial membrane integrity. PMA-qPCR produced inconsistent data to evaluate the efficiency of the treatment on S. enterica, while it correctly detected the effect of SC-CO 2 on L. monocytogenes and E. coli, supporting previously published data (Garcia-Gonzalez et al., 2010) . qPCR is a highly sensitive method able to detect fewer than 10 genome equivalents per reaction and is therefore the technique of choice for quantification of micro-organisms at low concentrations. A main disadvantage of PMA-qPCR applied to bacterial viability studies lies in the fact that variations in genomic DNA extraction and PMA-staining efficiency may cause biases in the determination of the number of intact cells.
Conversely, FCM coupled with SYBR-I and PI staining provided consistent and detailed information on the cell permeabilization process. This technique distinguished cells in three different states: intact, partially permeabilized and permeabilized. FCM analyses highlighted a diverse effect of the treatment on L. monocytogenes compared with E. coli and S. enterica. After 30 min treatment, 71.2 % of L. monocytogenes cells were intact, whereas 95.3 % of E. coli and 93.7 % of S. enterica cells were partially permeabilized. By contrast, the fraction of cultivable cells was reduced by more than 5 log for all three species.
FCM estimated the variation of FL1 intensity during treatment in E. coli and S. enterica, indicating a gradual permeabilization of cells and facilitating the uptake of SYBR-I, as suggested by Liao et al. (2010) . The emergence of subpopulations of cells with double the amount of DNA appeared only when SYBR-I completely entered the cells, in agreement with data reported by Berney et al. (2007) with SYTO-9. The double amount of DNA was detected both in partially permeabilized cells and in almost totally permeabilized cells, as shown by the overlapping green and red fluorescence peaks in the FL1 and FL3 channels, respectively. The ability of the fluorescent dyes to enter the cells depends on the level of outer membrane permeabilization for SYBR-I and on the level of both outer and cytoplasmic membrane permeabilization for PI. The double amount of DNA was not observed in the intact and permeabilized cells from the untreated sample, presumably due to limitations in the diffusion of SYBR-I across the membranes. In addition, a shift of both FALS and LALS signals in partially permeabilized L. monocytogenes cells suggested a temporary increase of biovolume and surface alteration during permeabilization, while in E. coli and S. enterica the process did not affect biovolume or cellular surface.
The FCM assay showed the best performance as a bacterial viability test method, evaluated here by monitoring membrane permeabilization following SC-CO 2 treatment. FCM allowed us not only to quantify the efficiency of treatment rapidly and with high sensitivity, but also to discriminate the subpopulations of partially permeabilized cells from totally permeabilized cells and identify variations in biovolume and alterations of the cellular surface. FCM compared favourably with other methods and should be considered as an accurate analytical tool for applications in which monitoring bacterial viability status is of importance, such as microbiological risk assessment in the food chain or in the environment. Quantitative PCR and flow cytometry cellular viability methods
